ABSTRACT When human granulocytes were exposed to 50 nM N-formyl-Met-Leu-[ 3 H]Phe at 37°C they rapidly formed ligand-receptor complexes that dissociated 50-100 times more slowly than those on cells initially exposed to the peptide at 4°C . These complexes of apparent higher affinity were stable after detergent solubilization of the cells with Triton X-100. The complexes co-isolated with the detergent insoluble cytoskeletal residues and were free of the cytosolic and Golgi markers, lactate dehydrogenase and galactosyl transferase, respectively .
Granulocytes (polymorphonuclear leukocytes) are major cellular mediators ofhost defense (29, 64) and inflammation (9, 46) . They, furthermore, exhibit a variety of biochemical and morphological responses to a class of N-formylated peptides termed N-formyl chemotactic peptides (3, 44, 63) . Consequently, these cells can serve as a model system well suited for the study of such basic cellular processes as sensory transduction, motility, and membrane processing while permitting direct investigation of the role of these processes in inflammatory disease .
The interplay between events occurring at the cell surface and those in the cytoplasm forms the basis for sensory transduction in granulocytes, as well as many other cell types.
These surface events, such as receptor-hormone binding, are causally related to cellular morphological responses such as motility, exocytosis, endocytosis, and polarization, all of which probably involve the cell's cytoskeleton in varying degrees. There are numerous examples of various forms of association of cell surface proteins with the cell cytoskeleton (5, 14, 19, 31, 36, 38, 40, 54, 70) including one in human neutrophils (59) . In a number of systems, such associations are inducible by the binding of multivalent ligands, such as lectins or antibodies (10, 17, 48, 59, 68) , and include the induction of linkage between hormone receptors and cytoskeleton structures (67) . The measurement ofrestricted lateral mobilities of cell surface proteins and hormone receptors supports the hypothesis of the control of lateral organization by a cytoskeletal substructure (25, 50, 56, 58, 69) . Indeed, in cases where cytoskeleton can be disrupted, the same proteins gain increased mobility (15, 39, 58, 66, 69) consistent with their theoretical maxima (51) .
Recently, Vale and Shooter (67) have observed that the lectin induced association of nerve growth factor receptors with the cytoskeleton of PC-12 cells, also results in a fivefold decrease in the dissociation rates of the receptors . They proposed that such changes in receptor-hormone dynamics, also accounted for in other hormone systems by the mobile receptor hypothesis (7, 24) , are consistent with interaction of the receptors with cytoskeletally linked effector molecules.
We have recently obtained evidence suggesting that similar interactions between N-formyl peptides and their receptor systems might be occurring in human granulocytes without the participation of a cross-linking lectin or antibody. After binding to its receptor, but before endocytosis of the ligand receptor complex (27) , the association between f-Met-LeuPhe stabilizes exhibiting a much lower dissociation rate. This stabilization permitted isolation of a high molecular weight form of the complex in detergent extracts of purified membranes (28) . Because insolubility of membranes in Triton X-100 is often assumed to be indicative of the association of cell membrane components with the cell cytoskeleton or its submembranous counterpart (6, 30, 36, 38, 48, 70) , our results could be interpreted as a manifestation of complex formation between cell cytoskeleton and an altered form ofthe N-formyl peptide receptor. Moreover, since we have also shown that such a complex is undetectable in resting membranes (49) then we hypothesize that formation ofthe complex may have relevance to sensory transduction as well as receptor-ligand processing in these cells.
The work described here reports the transient formation of f-Met-Leu-Phe receptor complexes at the granulocyte surface . These complexes co-isolate with Triton X-100 extracted cell cytoskeletons and are under cellular control. The extent and kinetics of formation as well as the disappearance of this species of receptor is consistent with its involvement in the transduction process. Complex formation, moreover, is probably a manifestation of receptor modulation culminating in its endocytosis .
MATERIALS AND METHODS
The materials used, methods of granulocyte isolation, their incubation with Nformyl Met-L,eu-Phe, and use of subcellular organelle markers have been described previously (28) . Dulbecco's phosphate buffered saline with 0.1 percent bovine serum albumin and 0.1 percent glucose (DPBS)' was used to incubate, wash, and store the cells.
Determination of f-Met-Leu-Phe Uptake
In this study the nondissociable component of f-Met-L .eu-Phe absorption by cells was measured . We define this component as uptake . The determination of the specific and nonspecific contributions to the cellular uptake was accomplished by measuring the tritium content in cells that had been incubated with 50 nM f-Met-Leu-fHIPhe ± 2 .5 wM f-Met-Leu-Phe under various conditions and then thoroughly washed. The radioactivity co-isolating with the Triton X-100 insoluble (cytoskeletal) fraction of the cell was also determined.
Isolation of cytoskeleton-enriched cell fractions, based on a modification of the method of Koch (30) , was carried out in three ways. Each used the lysis buffer of Vale and Shooter (67) with 0 .5% Triton X-100 in buffer containing 3 MM MgC12, 20 mM Tris-HCI, pH 7 .4, and varying amounts of sucrose .
'Abbreviation used in this paper: DPBS, Dulbecco's phosphate buffered saline .
Washed cells (2 X) were layered and centrifuged on three types of step gradients containing sucrose and Triton-containing lysis buffer .
METHOD I : LINEAR GRADIENT : 0 .5 ml of DPBS containing 1 X 10' cells; 0.5 ml of DPBS containing 8% sucrose (wt/wt) ; 4.0 ml of lysis buffer and a linear gradient of sucrose from 20-60% . Centrifugation was for 3 h at 256,000 g in a Beckman SW 50.1 rotor (Beckman Instruments, Inc., Palo Alto, Inc.) .
METHOD 11 : STEP GRADIENT : 0 .2 ml of DPBS containing 1 X 10' cells; 0 .2 ml of DPBS containing 4% sucrose (wt/wt); 1 ml of lysis buffer containing 8% sucrose ± 0.5% Triton X-100 . Centrifugation was for I min at 8,000 g in a Beckman microfuge (Beckman Instruments, Inc.) .
METHOD III : STEP GRADIENT : 0.2 ml of cell lysis buffer containing 10' cells, 1 .2 ml of lysis buffer or 0.5% Triton X-100 and 8% sucrose. Centrifugation was for 1 min at 8,000 g in a Beckman microfuge.
Pellets were resuspended either in 1 N NaOH (10' cell equivalents per 0.2 ml) or in the same volume of 20 mM Tris-HCI, 3 mM MgCl2 pH 7 .4. For kinetic studies the content of f-Met-Leu-Phe per microgram protein was determined . The number of molecules per cell equivalent was calculated assuming 50 pg protein per intact cell and 30 pg per cytoskeletal residue (Methods II and III) or 20 pg (Method I).
Electron Microscopic Autoradiography
Cell suspensions or cytoskeletons were fixed after treatments described in the text, by adding 0.25 vol of 8% glutaraldehyde, 0 .1 M Na phosphate buffer (pH 7 .4) and incubating for 30 min on ice. After postfixation with OA4 under conditions that minimize actin filament damage (37), the cell or cytoskeleton pellets were dehydrated, embedded, and sectioned as described previously (47) . The gold sections, stained with uranyl acetate and lead citrate, were coated with -50 .4 carbon film, and Ilford L,4 nuclear track emulsion applied by the loop method (8) . After 1-4 wk, the autoradiograms were developed with Microdol-X (diluted 1 :2), fixed, and viewed in a Hitachi Model I2A electron microscope at 70 kV .
SDS PAGE
One dimensional, 10% polyacrylamide slab gels were prepared and run as described by Laemmli (33) using a modification (45) . Pellets or samples in 20 mM Tris-HCI, 3 MM MgC12, 15% sucrose pH 7 .4 were solubilized by dilution 1 :1 in 150 mM Tris pH 6 .8, 3 .0% SDS, 30 percent glycerol, 3% 0-mercaptoethanol, and 0.004% bromophenol blue, addition of urea to 8 M, and heating for 10 min at 100°C. The slabs were 3 .5 cm high, 7 cm wide, and 1 mm thick. A 1 cm, 4% stacking gel was used. Electrophoresis was carried out at a constant current: 10 mA through the stacking gel and 20 mA through the separating gel (20 and 25 min), respectively. The gels were fixed and stained in 0.05 percent Coomassie Blue G-250 in 25% isopropanol and 10% acetic acid and destained in 10% acetic acid.
RESULTS
To directly isolate detergent stable complexes of f-Met-LeuPhe and chemotactic receptors, washed human granulocytes that had been exposed to 50 nM f-Met-Leu-[ 3H]Phe for 4 min at 37°C were sedimented into a linear sucrose gradient devoid ofor containing 0.5% Triton X-100. The distribution of radioactivity in the fractions of the gradients is shown in Fig. 1 . The dense region of the gradient is on the right (see Fig. 2 for sucrose data) and contains 60-70% ofthe radioactivity of the washed cells loaded onto the Triton-free gradient (top). Remaining on top of the gradient is peptide that was loosely bound and had dissociated from the cell before and during sedimentation . In the lower panel, the distribution of radioactivity in the gradient containing Triton X-100 is shown. Approximately 50% of the radioactivity sedimenting with intact cells (Fig. 2, top ) co-Sediments with the cell fraction remaining insoluble in Triton X-100. The specificity ofuptake by cells or by the Triton-insoluble fraction can be calculated by comparing the distribution of radioactivity in the gradients obtained from cells exposed to 50 nM f-Met-Leu-[ 3H]Phe in the presence of 2.5 AM nonradioactive peptide. In general, the uptake into the Triton insoluble fraction was 87 ± 5% specific after 4 min of incubation at 37°C and occurred with the same dose dependency (data not shown) as uptake of fMet-Leu-['H]Phe by cells (28) .
To determine the efficiency of the solubilization, a marker analysis of the Triton X-100 gradients was performed . The analysis indicated that the cytosolic marker, lactate dehydrogenase, and the Golgi marker, uridine diphosphate-galactose galactosyl transferase, were quantitatively solubilized and remained near the interface of the detergent free cushion and the Triton X-100 layer (Fig. 2 ). This result demonstrates that little cytosol was trapped in the Triton insoluble residues and that an internal membrane protein was completely solubilized . The plasma membrane marker, 125 I-conjugated wheat germ agglutinin (28) used in trace amounts as a reversible surface label, remained 75-80% sedimentable in these gradients . Such insolubility of plasma membrane proteins is also characteristic of other cytoskeletal preparations (6) . In the control gradients (no detergent) all the corresponding markers sedimented to the highest density regions containing the sedimentable radioactivity (Fig . 1 , top, fractions [14] [15] [16] [17] [18] [19] .
Approximately 40% of the total cell protein (20 pg) remained Triton insoluble in these gradients. To demonstrate that the sedimentable protein contained cytoskeleton, gradient fractions were further solubilized in SDS and analyzed by polyacrylamide gel electrophoresis under reducing conditions. The banding pattern shown in Fig. 3 indicates a prominent band (44,000 daltons) which co-migrates with actin . These fractions also bound nitrobenzoxadiazole-phallacidin (not shown) confirming the presence of F-actin (2), the structural unit of the cytoskeleton . These results suggest that actin remains a significant constituent of the cytoskeletal fraction in spite of its major presence in the soluble pool of the cell (59) .
The morphology of the Triton-insoluble residues was investigated by electron microscopy to confirm isolation of cytoskeletal structures. Fig . 4 shows a micrograph of a thin section of the high density fraction. These structures contained the remains of nuclei and granules without their boundary membranes and resemble Triton-insoluble structures isolated from other nucleated cell types (6, 35) and granulocytes (59) . A network of filamentous actin-like structures lay under the remnants of a deformed cell surface which appeared amorphous in some regions and bilaminar in other regions (Fig. 4  inset) . Thus, by morphology and their enrichment in F-actin, these structures appear to be cell "cytoskeletons" as defined by Lenk et al . (35) .
We define the nondissociable component of f-Met-Leu-Phe binding to intact cells as uptake . It is comprised of the fraction trapped within the cell by internalization and the fraction trapped at the surface, presumably in very slowly dissociating receptors . To probe this compartmentation further, a kinetic analysis of the uptake was performed. Fig . 5 compares the kinetics of uptake in whole cells and the cytoskeletal cell fraction. In these experiments, a simplified protocol using a step gradient was substituted for the linear gradient . The upper panels of Fig. 5 show the kinetics of total and nonspecific uptake of f-Met-Leu-['H]Phe in cells and their cytoskeletal subfraction obtained by pelleting washed cells through an 8% sucrose cushion devoid of or containing 0 .5% Triton X-100, respectively. The bottom ofFig . 5 shows the calculated specific uptake (i.e ., total -nonspecific) expressed as molecules of peptide remaining associated per cell or cytoskeletal equivalent. A slightly more rapid rise of cell-associated peptide in the first minute is indicative of the binding phase which is followed by a continued increase resulting from binding and endocytosis. In contrast, the uptake by the Triton-insoluble fraction saturates by 5-6 min at a level of radioactivity equivalent to (14 ± 7) x 103 molecules per cell (n = 27) . Of importance is the observation that uptake is detected as early as 5 s and continues for -1 min at the same rate as in the whole cell . During this time internalization of the ligand has not occurred (16, 27, 28, 60) .
After internalization begins, part of the cell-associated peptide is stored in the cytosol (28) . The absence of lactate dehydrogenase in the Triton-insoluble pellet is indicative of FIGURE 5 Kinetics of uptake at 37°C of f-Met-Leu-Phe by whole cells and their Triton X-100 insoluble fraction . Cells were incubated with 50 nM f-Met-Leu-['H]Phe at 37°C as is described in the Materials and Methods section . Incubation was terminated at all the specified times by fivefold dilution in ice cold buffer followed by washing (2 times) and sedimentation in a gradient by Method II as the final step . Gradients without Triton X-100 were used to prepare washed cells and those with Triton X-100 to prepare the Triton X-100 insoluble fractions . Total and nonspecific (in presence of 2 .5 AM f-Met-Leu-Phe) uptake in cells and the Triton insoluble fraction is shown in the upper and middle panels, respectively, and is expressed as radioactivity per microgram protein of the pellets containing the equivalent of 10' cells (i .e ., -500,ug) . Specific uptake is shown in the lower panel and is expressed as molecules of fMet-Leu-['H]Phe per cell equivalent . Pellets were 95% free of the cytoplasmic marker lactate dehydrogenase, contained 50-60% of the cell protein (250-300 Ag), 75% of surface accessible wheat germ agglutinin sites, and also contained actin (see Fig . 3 ) .
cell lysis and loss of cytosol . Thus, a significant reduction in the total cell-associated chemotactic peptide after exposure to detergent is expected. Fig. 5 also shows that the compartmentation of the cell associated f-Met-Leu-Phe depends on the length of exposure at 37°C. Thus at 1 .5 min 93 ± 14% (n = 7) ofthe peptide is trapped with the cytoskeleton, whereas at 4 min this figure is 61 ± 11 %. The specificity of uptake at these two times was 81 ± 6% and 87 ± 5%, respectively. These values are also indistinguishable from those obtained using Method I (linear gradients), thus substantiating the 382 THE JOURNAL OF CELL BIOLOGY " VOLUME 98, 1984 validity of the step gradient sedimentation .
To measure the stability of the association of f-Met-LeuPhe with cells and their cytoskeletal fractions, the dissociation kinetics of the ligand from washed cells and their Tritoninsoluble residues at 4°C was measured. Fig. 6 compares the exchange of radioligand from the pellet fractions (± Triton X-100) of cells loaded with 50 nM f-Met-Leu-[ 3H]Phe for 20 min at 15°C (a temperature at which endocytosis is prevented; see below) and then washed. Ifthe cells are lysed with Triton X-100 in the presence of 2.5 AM nonradioactive peptide and then centrifuged at different times after lysis (Method III) then radioactivity is lost from the pellet with a t1,2 of -100 min. This dissociation is probably not the result of proteolysis from hydrolytic enzymes released from granules because diisopropylfluorphosphate treatment of the cells, which fully protects actin binding protein and other protease sensitive proteins (1), results in the similar dissociation kinetics. In addition, since the cytoskeletal pellets retain >90% of their original radioactivity after 1 h of incubation in lysis buffer at 4°C (without added nonradioactive peptide) the instability noted above is probably due to ligand exchange at the receptor binding site rather than dissociation of the ligand-receptor complex from the Triton X-100 insoluble matrix . Incubation ofthe cytoskeletal pellets at 15°C or higher for 1 h destabilized the complex so that <I 0 percent of the original radioactivity remained sedimentable. Intact cells preloaded with f-MetLeu-['H]Phe show a more stable interaction at 4°C than cytoskeletons. A 1-h incubation in the presence of the nonradioactive ligand resulted in a reduction of only 20% in the level of sedimentable radioactivity.
Time (min) FIGURE 6 Stability of f-Met-Leu-Phe association at 4°C . Twice washed cells were prepared by incubation at 15°C for 20 min with 20 mM f-Met-Leu-['H]Phe as is described in the Materials and Methods section . These cells were then exposed at 4°C to 2 .5 AM nonradioactive f-Met-Leu-Phe in the presence (0) and absence (0) of 0 .5 percent Triton X-100 for the times indicated before centrifugation through a Method III gradient . The percentage of the initial specifically associated f-Met-Leu-['H]Phe remaining in the pellets is displayed on a semilogarithmic scale . For comparison, the dissociation kinetics of f-Met-Leu-['H]Phe bound to cells at 4°C for 30 min is also shown (/). 2 .5 AM f-Met-Leu-Phe was added at time zero to the binding mixture which was then directly centrifuged at the times shown through a sucrose cushion without Triton . The dissociation of ligand from the bulk receptor population (i.e., 4°C incubation with the radioligand) is also shown in Fig. 6 for comparison . Cells were allowed to bind ligand at 4°C for 30 min (to levels approximately twice those of the 15°C/washed cells above), exposed to 2.5 AM nonradioactive ligand, and then sedimented into the sucrose cushion at the different times shown. The ti,2 for dissociation from prebound receptor was observed to be -2 min, demonstrating that at 15°C and at 37°C a receptor conversion and transformation occurred .
To determine if the temporal saturation of f-Met-Leu-Phe uptake in the cytoskeletal fraction at 37°C (Fig. 5) was simply the static accumulation of the occupied receptors in the cytoskeletal compartment, a pulse-chase experiment was performed. Fig. 7 shows that the association of f-Met-Leu-Phe with the Triton insoluble cell fraction, on the contrary, appears to be transient in the metabolically active cell. After 90 s of exposure to 50 nM f-Met-Leu-[ 3 H]Phe to cells at 37°C, a chase of 2.5 AM nonradioactive peptide causes the specifically associated radioactivity in this fraction to decrease rapidly to control levels with a t2 of -50 ± 25 s (n = 6), whereas that associated with the intact cell remains high. This experiment also demonstrates that the association ofthe peptide with the cytoskeletal fraction is not a result of processes occurring after cell lysis such as nonspecific binding of peptide released from the cell interior to the pellet residue. If the incubation time is increased to 4 min then the loss of radioactivity from the cytoskeletal fraction is lengthened with a t112 of 2 ± 1 .5 min (n = 6). Reducing the level of the chase to 500 nM does not significantly change the kinetics ofdecay (data not shown).
During the initial phase of f-Met-Leu-Phe uptake virtually all of the cell-associated ligand sedimented with the Triton insoluble fraction (see Fig. 5 ). This result is suggestive of a small population of preformed or very rapid formation of the complex in the plasma membrane. Support for this hypothesis was found in a study of the effects of temperature on the kinetics of uptake off-Met-Leu-Phe into cells and their Triton insoluble fractions and is shown in Fig. 8 . When incubations were performed under conditions that block internalization (i.e., 15°C; 60), the uptake of ligand into the cytoskeletal fraction was quantitatively identical to that seen in the whole cell. In contrast, saturation in the Triton insoluble fraction occurred by 5 min when cells were incubated at 37°C, while continued association of ligand with the cytoskeletal fraction was observed to occur at 15°C. At 4°C, much lower levels of this "high-affinity" complex were observed.
To confirm localization of the formyl peptide to the cytoskeletal periphery, an electron microscopic autoradiographic study was carried out. In two experiments, the Triton insoluble cytoskeletal residues were prepared in type I linear gradients. Cells were incubated for 1 and 4 min at 37°C with 10 nM N-formyl-Nle-Leu-Phe-Nle [t25 I]Tyr-Lys to permit covalent cross-linking to the receptor (41) during fixation for electron microscopy. More than 70% of the initial cellular uptake was measured in the final Epon block . Fig. 9 shows a representative autoradiograph obtained following a 1 min incubation in which -66% of the specific radiographic grains (see Table I ) were localized to within 1,500 Á (HD5o for 1251 = 800 t1; 50) of the cytoskeletal periphery. Since a 3,000 Á spherical shell including the surface ofa spherical cytoskeleton of 4.5 Am radius represents 20% of the total cell volume, the grain distribution is >3.2-fold enriched at the surface over what would be expected for a uniform volumetric distribution. A slightly less enriched (-2 .4-fold) distribution of grains was seen when intact cells were examined (not shown) indicating that the pattern observed after Triton lysis was not due to redistribution of peptide label after Triton X-100 lysis. In addition, in evaluating this data, it must be remembered that they represent an underestimate of the surface localization since they were not corrected for the surface-derived grains falling outside the 2-times HD5o counting limits (53), the additional washing of the samples prior to fixation, or the inability to distinguish between topographically external peptide in cell-invaginations (22, 23) and internally trapped peptide.
Surface grain enrichment in cytoskeleton was preserved, but to a smaller degree, at longer incubation times. When cells were incubated with saturating doses of peptide for 4 min at 37°C there is significant down regulation of receptor and accumulation of peptide and receptor within the cell (27, 28, 42, 65) . The results in Table I indicate that, in intact cells, the peptide was internalized to a greater degree, i.e., with a Effect of temperature on specific uptake in cells and cytoskeletons . Granulocytes were incubated at the indicated times and temperatures before treatment by Method II to prepare cells and cytoskeletons . Specific content of f-Met-Leu-['H]Phe and protein in each . pellet was determined and specifically associated radioactively calculated on a per microgram protein basis . ", 37°C; " , 15°C ; " , 4°C . FIGURE 9 Localization of N-formyl chemotactic peptide in granulocyte cytoskeletons by electron microscopic autoradiography . Electron microscopic autoradiogram of a typical Triton "cytoskeleton" prepared from granulocytes exposed to 4 nM f-Nle-LeuPhe-Nie-[' 25 1]Tyr-Lys (42) for 1 min at 37°C . After washing at 4°C, the cell pellet was applied to a Triton-containing sucrose gradient (Method I) . Fractions containing the sedimentible radioactivity were fixed with 2% glutaraldehyde, and processed for electron microscopic autoradiography as described in the Materials and Methods section . 4-wk exposure, developer Kodak Microdol-X (1 :2) . Bar, 1 .0 ktM ; x 29,000 .
smaller fraction remaining at the cell surface. This observation is in agreement with the extent of internalization in this system (>60% ; 16, 28, 60) . The distribution of grains in the 1384 THE JOURNAL OF CELL BIOLOGY " VOLUME 98, 1984 cytoskeleton obtained from such cells reflects a higher degree of surface localization than in the intact cells (1 .6-fold vs. 0.7-fold; respectively).
DISCUSSION
Autoradiographic Localization of N-Formyl Chemotactic Peptide in Human Granulocyte Cytoskeletons' * Cells and cytoskeletons were prepared as described in legend to Fig. 9 . Grains were counted at random and scored as surface localized if an individual grain fell within 1,500 Á of either side of the cell . The standard deviation (SD) of total grains counted in each compartment is equal to the square root of the latter. = Calculated by determining the percent of grains that were surface localized in blocked (1 )AM nonradioactive peptide) controls together with the measured percentage of nonspecifically bound "'I-peptide determined by directly counting the Epon blocks prior to sectioning . The latter was found to be 19-25% of that bound in the absence of radioactive peptide. Since the nonspecific background was low and the blocked and unblocked samples were not drastically different with respect to percent of surface localized grains, these corrections were minor. ' Surface enrichment corrects for the relatively small volume of the surface shell (11,500 Á) relative to the total cell volume . Assuming a spherical shape of 4.5-pM radius, the surface shell volume is 20% of the total cell volume . The radius of intact cells and cytoskeletons was approximately equal, i .e ., 4-4.5 tam .
Our investigations have uncovered a number ofnovel features ofthe processing ofN-formyl chemotactic peptides by human granulocytes that may be significant for leukocyte receptor mediated endocytosis and activation. In particular our results suggest that a significant percentage ofthe plasma membrane f-Met-Leu-Phe receptors rapidly form a transient, virtually nondissociating and noncovalent complex with the peptide at 37°and 15°C and not at 4°C. Since the association rate ofthe formyl peptide does not greatly vary with temperature (61), the greatly decreased rate ofdissociation at 15°C and 37°C as compared with 4°C suggests that the receptor undergoes a true affinity change . The complex co-isolates with a cytoskeletallike cell fraction with kinetics that overlap the time scale for leukocyte activation and endocytosis .
Specific Interaction with the Cytoskeleton
Solubilization of the cells by Triton X-100 permits removal of the cytosolic stored peptide (28) . The remaining peptide demonstrates slow exchange rates with properties suggesting that, after isolation, the occupied receptor continues to be associated with the cytoskeletal structure in an altered, slowly dissociating form. There is ample evidence of cytoskeletal linkage of cell surface proteins and receptors in many cell types (5, 19, 30, 70) including neutrophils (59) . An important special case of cytoskeletal-membrane interactions is that observed between microfilaments and coated pits (11, 52) resulting in endocytosis ofsurface proteins . Since we have not observed a 170,000-dalton band characteristic of clathrin in electrophoretic analyses (Fig. 3) or correlation of frequency of autoradiographic grain enrichment around coated pits (R. Painter, R. Allen, L. Sklar, M. Schmitt, C. Cochrane, and A. Jesaitis, unpublished results), participation of a coated pit mechanism seems unlikely . Other linkages induced by plant lectins or antibodies have, however, been demonstrated in a number of systems (11, 17, 30, 31, 38, 48, 67, 68) . The chemotactic peptide receptor system is unique in that the observed association with cytoskeleton involves a monovalent ligand.
At this juncture, we cannot unequivocally state that there is a specific association of the occupied, surface receptor with the cell cytoskeleton in the sense of protein-protein interactions between actin or a series of undefined actin linkage proteins. However, a number of results are compatible with this hypothesis . First, our previous work has shown that a Triton X-100-insoluble, high-molecular-weight complex containing receptor can be isolated from the purified plasma membranes of f-Met-Leu-Phe stimulated cells (28) . This insolubilitycannot be due to inherent insolubility ofthe receptor in Triton as reported in the case for t-RNA aminoacyl transferase (12), since we have shown that affinity-photolabeled receptor can be completely extracted from plasma membrane of unstimulated cells in a form having a Stokes' Radius of <50 .4 (49) . Second, most of the unoccupied receptors must either be solubilized or inactivated since f-Met-Leu-Phe binding activity of the cytoskeletal fractions showed no detectable decrease after significant depletion of the surface pool of receptors by conversion to their high affinity occupied form at 15°C (A. J. Jesaitis, unpublished results) . Third, in studies now in progress we have also shown that in the presence of the cytoskeletal disrupting agent, cytochalasin B, there was 80% inhibition of receptor uptake as well as formation ofthe cytoskeletally-associated, high-affinity, receptor-ligand complex. Fourth, since there was transient complex formation at 37°C and minimal formation at 4°C, then the regulation of the complex must be under cellular control. Finally, the surface nature of the complex can be inferred from the autoradiographic results (Fig. 9) and from its formation under conditions in which internalization did not occur, such as at 15°C or up to 1 min after exposure to peptide at 37°C (Figs. 8 and 5, respectively). Although these observations favor a specific interaction between the cytoskeleton and the chemotactic peptide receptor at the plasma membrane, we cannot, however, exclude the possibility that the Triton solubility of the receptor is dependent on another membrane constituent, possibly a critical lipid not extracted by our procedure, but still under cellular control and able to modulate membrane protein interactions.
Significance of High Affinity Receptor Complexes Anchored to the Cytoskeleton
In PC 12 cells a lectin-induced linkage between cytoskeleton and nerve growth factor receptor is associated with a large decrease in off rate of the nerve growth factor (67) . An analogous effect is also seen with the insulin receptor system (55) . One interpretation ofthe changes experienced by surface receptors involves an extension of the mobile receptor hypothesis (7, 24) activation) . The efector molecules in this case would be a cytoskeletal or cytoskeletal-associated protein as proposed by Vale and Shooter (67) . The functional significance of the high affinity "anchored" form of the receptor is still obscure and currently under investigation in our laboratory. Becker, however, (4) has emphasized that the receptor is multifunctional with a sensitivity to chemotactic peptide that can vary in order of magnitude depending on the response measured. From the relative dissociation rates of the receptor ligand complex formed in resting (4°C) and stimulated cells (37°C) we estimate an affinity increase of -I00-fold. In addition, formation of the complex between 5 and 60 s at various temperatures occurs at an approximately linear rate and, when extrapolated to zero time, would suggest an upper limit of 2,000-3,000 high affinity preanchored receptors in the resting cell, -5% of the total . Such receptors might be a manifestation of lateral surface compartmentation (34, 62) required to regulate functional diversity and may have been responsible for the nonlinear Scatchard plots observed by others (21, 57) . In particular, they could correspond to the small population (10% of the total) of chemotactic peptide receptors having an -50-fold higher affinity than that ofthe bulk receptors reported by Koo et al. (32) in isolated membranes from human granulocytes . Since the affinity of these receptors appears to be underguanyl nucleotide control, participation of the high affinity receptors in sensory transduction, such as in the visual or ß-adrenergic systems, seems plausible. The fact that these receptors may be directly linked to the motile apparatus, reduces the necessity of having multiple intermediate transduction steps or second messengers intervene between the receptor and effector. This fact, together with the stimulation of chemokinesis demonstrating the highest sensitivity (4) to formyl peptides (i.e., highest affinity receptors), makes this hypothesis more credible.
The high affinity complex itself could play a role as an intermediate in the sensory transduction process. Sklar et al. (60) have shown that only a 10% occupancy of receptor is required to achieve a maximum response for several neutrophil responses. The number of high affinity, anchored complexes observed after 5 s ofincubation with 50 nM peptide at 37*C is 2,000-3,000, which represents -10-20% of the number occupied at that time. Therefore, a 10% occupancy requirement would imply a conversion of I-2% (i.e., 500-1,000) of the total receptors population to the complexed high affinity form. Since Zigmond (71) has calculated that the sensitivity limit ofneutrophil for chemotaxis is an occupancy differential ofonly 10 receptors, it is clear that the neutrophil is exquisitely sensitive to extremely low levels of receptor occupancy, and by extrapolation, small numbers of ligandreceptor-effectar complexes .
Probably the most apparent role for the high affinity receptor-cytoskeletal complex is to be a vehicle for endocytosis and removal of occupied receptors (and functioning receptoreffector complexes) from the cell surface, as has been suggested by Condeelis (11) and Salisbury et al. (52) in Dictyostelium and cultured B lymphoblastoid cells . Therefore, we hypothesize that the "saturating level" of peptide co-isolated with cytoskeleton (at 5 min) represents a steady state in which the complex is removed from the surface (Fig. 7) by endocytosis (27, 43) and replenished (Fig. 8) by receptor occupancy after expression of additional surface receptors during recycling processes (72) or expression of the latent or internal 1386 THE JOURNAL OF CELL BIOLOGY " VOLUME 98, 1984 receptor pool (18, 20, 26) . Thus, whether the high affinity receptor-cytoskeletal complex participates in sensory transduction, response regulation, or only as the carrier for surface clearance of occupied receptors is still an open question . We are currently investigating the molecular organization and functional composition of these complexes and thus expect answers to some of these questions to be forthcoming .
